Study design Retrospective case series.
Introduction
Spinal cord injury (SCI) is common in dogs and magnetic resonance imaging (MRI) has become widespread in the diagnosis of acute canine SCI [1] [2] [3] [4] [5] [6] [7] . However, the appearance of severe injury on MRI in the chronic setting among dogs with an incomplete clinical recovery has not been well documented, and the relationship between specific imaging features in this population and functional status is unknown.
The MRI appearance of acute myelopathies in dogs has been documented with various qualitative and quantitative features [2, 3, 5, 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Among these, the presence and dimensions of intramedullary hyperintensity on T2W images and length of cord compression have been associated with outcome for dogs suffering from acute intervertebral disk herniation [6, 10, 13, 18] . The maximal cross-sectional area of intramedullary hyperintensity on T2W images has been associated with outcome in acute, non-compressive nucleus pulposus extrusion [3] .
Regardless of functional outcome, dogs that suffered an acute, spontaneous SCI are not commonly imaged in the chronic phase unless there is an abrupt change in neurological status suggestive of a new injury. The spinal cord has been reported to be normal on MRI by 6-weeks post-injury for dogs that recover clinically following intervertebral disk herniation [19] . Dogs have been evaluated with MRI up to 16 weeks following experimental traumatic SCI and demonstrated MRI changes in the spinal cord (areas of relative hypointensity on T1W images and hyperintensity on T2W images) that mirrored histopathologically confirmed formation of a glial scar surrounding a fluid-filled cavitation at the lesion site [20] . Studies describing imaging features in the chronic setting among dogs left with permanent neurologic deficits after severe, spontaneous injury are lacking [21] .
Specific MRI changes in acute and chronic SCI have been described in humans [22] [23] [24] [25] [26] [27] . Abnormalities at the lesion site associated with worse neurologic recovery in acute cervical SCI in people include maximum spinal cord compression, hemorrhage, and spinal cord swelling [23] . Syrinx formation was more common in chronic patients when there was a functionally complete SCI [22] . More recently, structural atrophy distant to the site of injury, measured as the cross-sectional spinal cord area above the level of injury, has been associated with worse motor recovery after SCI [28] [29] [30] .
Dogs with SCI share many overlapping features with human SCI, making them an attractive large animal model capable of capturing the heterogeneity (of both population and injury) that is lacking in experimental models [31] . The full spectrum of MRI features of dogs with chronic impairment after acute, complete injury needs to be described, and identification of imaging features that predict functional recovery would enhance their use in clinical trials on chronic paralysis. Our objective was to describe the MRI features of dogs with chronic SCI and to investigate associations between imaging variables and functional status. We hypothesized that smaller spinal cord lesion dimensions would be associated with greater motor function.
Methods

Case selection
The medical records of dogs that suffered an acute, severe thoracolumbar SCI in which a thoracolumbar MRI was performed at least 3 months after injury were reviewed. All dogs were participants in one or more clinical trials for chronic paralysis as part of the North Carolina State University College of Veterinary Medicine Canine Spinal Cord Injury Program. MRIs were performed as part of these studies, but prior to initiation of any therapy associated with the particular study. Prior therapies were noted but not considered exclusion criteria. To be included, the SCI needed to be severe enough to cause acute paralysis and loss of pain perception followed by incomplete recovery characterized by absent or minimal recovery of pain perception and chronic motor deficits. Data collected from the medical records included signalment, diagnosis, treatment(s) of the SCI, spinal cord lesion location, and duration of injury (interval from injury to chronic imaging). Treatments at the time of prior acute injury were broadly categorized as medical (consisting of any combination of supportive care, pain management, or rehabilitation) or surgical (consisting of spinal cord decompression with or without stabilization). Results of neurologic examination and gait status at the time of imaging were also obtained. Gait was quantified using an ordinal gait scale (open field score, ranging from 0 to 12) [32, 33] . Open field score of <4 corresponds to taking no weight bearing steps, a score of 4 corresponds to taking weight bearing steps less than 10% of the time, and scores ≥5 correspond to taking weight bearing steps between 10 and 100% of the time.
Imaging acquisition
All MRIs were performed using a 1.5 T scanner (Siemens Medical Solutions USA Inc., Malvern, PA) with a CP spine array coil to acquire standard transverse and sagittal sequences, including T1W pre-contrast and post-contrast, T2W, short T1 inversion recovery, and half-Fourier acquisition single-shot turbo spin-echo (HASTE) [34] . Additional sequences utilized in some, but not all, scans included proton density and gradient echo/T2* (Supplementary Information 1).
Imaging analysis
MRIs were reviewed for the presence or absence (Yes/No) of the following qualitative lesion features: extended spinal cord atrophy (associated with the injury site), myelomalacia, syrinx, cystic change, and intramedullary fibrosis (defined in Table 1 ) [27] . Gradient echo sequences were not commonly performed in this population; however, when available, they were evaluated along with the standard sequences for the presence of hemorrhage as an additional qualitative feature. The vertebral level of the lesion epicenter (lesion location) was noted. Dogs were also separated into a "cranial group" (lesion located T13-L1 interspace or cranial) and a "caudal group" (lesion located L1-L2 or caudal) to evaluate the impact of lesion location on functional status. This cut-off was chosen since injury affecting the lumbar segments might disrupt intraspinal motor circuitry important for gait generation (the central pattern generator, CPG). Calculations characterizing the dimensions of the lesion were performed manually using commercially available software (Horos version 1.0.6) as defined in Table 2 [2] . Lesion length and length of the region within the lesion with 100% cross-sectional abnormal signal intensity were recorded as raw values and normalized to the length of vertebral body L2 to adjust for dogs of different sizes [2] .
Statistical analysis
All analyses were performed using Jmp 12 Pro (SAS Institute, Cary, NC, USA). Qualitative features were treated as categorical data and reported as frequency of occurrence. Summary statistics for continuous data (quantitative variables) were reported as mean and standard deviation if normally distributed, or median and interquartile range (IQR) if not using the Wilk-Shapiro test for normality. The effect of the presence of specific qualitative features or lesion location on open field score as well as the relationship between duration of injury and gait scores were determined using a Wilcoxon rank sum test. Linear regression and a one-way ANOVA were used to compare quantitative variables and open field score or duration of injury. The effect of type of treatment (medical vs. surgical) on the presence of qualitative features were established by constructing contingency tables and using a Fisher's exact test, whereas the effect of type of treatment on quantitative variables was determined using a Wilcoxon rank sum test. p < 0.05 significant with adjusted p-values calculated for multiple comparisons using Holm's correction calculator.
We certify that all applicable institutional and governmental regulations concerning the ethical use of animals were followed during the course of this research (protocol numbers D11-015-O, 15-004-01).
Results
Thirty-five dogs met the inclusion criteria (Supplementary Information 1). There were 13 Dachshunds, 8 mixed breed dogs, 3 Pit Bull Terriers, 2 each of miniature schnauzers, Australian cattle dogs, Shih Tzus and French Bulldogs, and 1 each of Cocker Spaniel, Boston Terrier, and Bichon Frise. Mean age was 5.5 years (SD 2.24) and median body weight was 8.8 kg (IQR: 6.5-14.6). Intervertebral disk herniation was the most common diagnosis (n = 27), followed by fibrocartilaginous embolism (n = 2), vertebral column fracture (n = 5), and traumatic intervertebral disk extrusion (n = 1). For dogs with intervertebral disk herniation, 19 were treated with decompressive surgery at the time of injury and 8 were managed conservatively. Surgery was Length (in cm) of the region with 100% MSCC on T2W sagittal images with the cranial and caudal extent corroborated on T2W transverse images; also expressed as a ratio compared to the length of the L2 vertebral body Two dogs were independently ambulatory (scores of 5 and 6), 4 dogs took some weight bearing steps (score of 4), and 29 were non-ambulatory (scores of 0-3). Lesion location ranged from the level of the 7th thoracic vertebra to the 4th lumbar vertebra, with 23 dogs having lesions at T13-L1 or cranial, 12 dogs with lesions at L1-L2 or caudal. The spinal cord was abnormal in the region of prior injury in all dogs. No dogs had extended spinal cord atrophy, while all dogs had areas within the lesion consistent with myelomalacia ( Fig. 1) . A lesion consistent with myelomalacia was the only abnormality noted in four dogs (4/35, 11%). Twenty-nine of 35 dogs (83%) had an area of fluid accumulation as part of the lesion with focal cystic change present in 20/35 (57%) and syringomyelia noted less commonly in 9/35 (26%) (Fig. 1c, d ). Among dogs with a syrinx, length ranged from 2 to 5 vertebral bodies. Findings consistent with intramedullary fibrosis within the lesion were uncommon (6/35, 17%), present only in dogs that had undergone surgical decompression for intervertebral disk herniation or had suffered a fracture/luxation, and, in the eight dogs in which gradient echo sequences (T2*) were performed, none had evidence of hemorrhage (Fig. 1e, f) . A summary of quantitative imaging abnormalities is provided in Table 3 . Maximum spinal cord compromise was 100% (no normal spinal cord tissue discernible at lesion epicenter) in 29 dogs, while 6 dogs had a maximum spinal cord compromise of less than 100% (median: 77%, IQR: 73-87). Lesion length and length of the region with no normal signal intensity varied extremely widely between dogs.
There were no relationships identified between qualitative imaging features and open field score or injury duration (Fig. 2, p > 
Discussion
The results of this study establish MRI lesion characteristics in a population of dogs with incomplete recovery after severe, acute SCI. Lesion appearance and extent were varied although certain features were common. Frequency of cystic change and syringomyelia were comparable to findings in humans. We demonstrated that the length of the region within the spinal cord lesion that had 100% abnormal signal intensity in the transverse plane was associated with hind limb motor function. This suggests that the craniocaudal length of apparently complete transverse myelopathy on MRI impacts the functional status in dogs judged clinically to have a complete SCI.
Quantitative MRI findings
Quantitative variables on MRI have been described for dogs with acute SCI and humans with acute and chronic SCI [2, 3, 5, 6, 8-12, 14, 15, 17] . However, quantitative MRI analysis of lesions in dogs with chronic deficits after acute, complete injury is lacking. There is only one recent study that includes a small number of chronically impaired dogs, but the length of the lesion on T2W images was the only conventional MRI measurement examined and its relationship to function was not evaluated [21] . We utilized measurements defined for dogs with acute SCI to quantify lesion dimensions in a population of chronically impaired dogs [2, 3, 12] . Lesion length varied widely between dogs even after adjusting by the length of L2 to account for dogs of differing body size, illustrating the continuum of injury severity in this clinically similar population. The presence and dimensions of the lesion (T2W intramedullary hyperintensity) have been associated with outcome in dogs with acute SCI, but lesion length was not associated with functional status in our population [3, 6, 10, 13, 18] . Additionally, 83% of dogs in this study had an area of the spinal cord with no normal signal intensity and having less than 100% maximum spinal cord compromise at the epicenter was not associated with improved motor function, suggesting that the percentage of abnormal spinal cord signal intensity on cross-section by itself does not appear to be a useful parameter in the chronic setting in this population. In an attempt to better capture injury severity, we measured the length of the spinal cord that had 100% altered signal intensity. While also variable, the effect of the length of this region (raw and adjusted by L2) on gait scores was detectable, even in our small sample size. This suggests that the length of apparent complete disruption of the spinal cord is important functionally. Conventional MRI cannot detect single or small numbers of intact axons traversing a site of injury, but our findings suggest an increased likelihood of the presence of such trans-lesional fibers as the longitudinal extent with no discernible normal tissue decreases. The potential impact of injury location must also be considered when interpreting this association. The lumbar segments contain the neuronal network known as the CPG, which has an important role in gait generation [35] [36] [37] . While it is possible dogs with lesions disrupting the lumbar segments fare differently than those with lesions located more cranially along the thoracolumbar spinal cord, we were unable to detect an effect.
Qualitative MRI features: myelomalacia, cystic change, and syringomyelia
Qualitative features on MRI have been reported in dogs with acute SCI, but there are no studies describing the frequency of major pathologic features in dogs with chronic SCI [2, 5, 6, [9] [10] [11] 14] . We adapted our definitions from reports in humans in which qualitative MRI characteristics of chronic SCI include intramedullary changes such as myelomalacia, syrinx or cyst formation, as well as spinal cord compression, atrophy, disruption, and tethering [22, 24, 25, 27] .
While the spinal cord can appear normal on MRI in dogs that recover clinically from acute SCI, all dogs in our study had persistent lesions with areas consistent with myelomalacia, supporting the presence of permanent damage to the spinal cord after severe injury [19] . Malacia is also common in humans with chronic SCI and can be differentiated from fluid-filled cavitation (syrinx or cyst formation) based on imaging characteristics, although these abnormalities can occur concurrently [25, 27] . Syringomyelia was identified in approximately one quarter of dogs, while focal cystic change was present in just over half the dogs. This is comparable to humans in which approximately 21-28% of chronic SCI patients develop post-traumatic syringomyelia and 30-50% demonstrate some degree of cystic change [38] [39] [40] . The precise cause of post-traumatic syringomyelia in people is not well understood and it remains unclear if focal fluid pocketing secondary to areas of myelomalacia is a necessary precursor to development of this condition [38] . In a rodent model of SCI, concurrent induction of arachnoiditis (to potentiate syrinx development) resulted in larger syrinxes and greater locomotor dysfunction at 6-weeks post-injury compared to rats with SCI alone, suggesting that development of post-traumatic syringomyelia contributes to injury severity and influences recovery of motor function [41] . While only a small percentage of people develop symptomatic syrinxes, affected patients experience neurologic deterioration after a period of static signs and effective treatment is challenging [38, 39, 42, 43] .
No dogs in our study demonstrated an overt deterioration in neurologic status after reaching a plateau following injury and the importance of identifying a syrinx on MRI in dogs with chronic SCI is unknown. The presence of a syrinx or focal cystic change did not affect functional status and we did not identify a relationship between their presence and injury duration. Serial imaging in the chronic setting would be needed to determine if dogs with focal cystic change go on to develop overt syringomyelia over time or if there is an association between progressive syrinx elongation and outcome in dogs. Given the similar frequency of development of this abnormality between dogs and people, dogs with spontaneous SCI might be a useful population in which to continue to investigate causes and interventions for post-traumatic syringomyelia.
Qualitative MRI features: intramedullary fibrosis
Findings consistent with intramedullary fibrosis were relatively uncommon, occurring in about one-third of cases. While fibrosis was not associated with functional status or injury duration, only dogs that suffered disk herniation and underwent surgery or had vertebral column trauma had findings consistent with fibrosis. Spinal fractures and luxations in people secondary to trauma can result in dural lacerations and predispose to the development of fibrous scarring, which might explain the presence of this abnormality in our cases of trauma [44] [45] [46] . Additionally, some veterinary neurosurgeons perform a durotomy following decompression of the spinal cord in dogs with acute, severe intervertebral disk herniation with the intended goal of relieving intramedullary pressure and improving spinal cord blood flow [47, 48] . The dog illustrated in Fig. 1e , for example, had undergone a multilevel laminectomy and durotomy. It has been shown in experimental SCI in rodents that dural disruption results in invasion of fibroblasts into the spinal cord parenchyma and that repair of such damage (via duroplasty) reduces fibrous scarring [49, 50] . While determination of the status of the dura at the time of injury was not possible in this study, our findings might reflect a similar response to damage to the dura in dogs with SCI.
Qualitative MRI features: atrophy
We did not identify extended atrophy associated with the lesion in any dogs. This is distinct from human SCI patients in which extended atrophy was the most common imaging finding in those imaged more than 20 years after injury [27] . However, this finding was most commonly associated with cervical injuries, the marked variability in spinal cord diameter seen across dog breeds is not encountered, and precise definitions of atrophy for both the cervical and thoracic cord have been established [27] . The presence of atrophy in our population might have been difficult to discern objectively given the variable length and location of lesions and differing thoracolumbar spinal cord diameter among dogs of different breeds and body sizes. Since approximately half of the dogs had an injury duration of about a year or less, it is also possible that atrophy could become apparent with greater chronicity.
Study limitations
Limitations of this study include the relatively small sample size with variable cause and treatment of the SCI, the inherent subjectivity of imaging-based definitions, and lack of histopathologic confirmation since this is a pet dog population. Additionally, univariate analysis was used to determine associations and, as such, significant results should be interpreted with caution. Further investigation is indicated in a larger number of dogs using multivariate analysis to account for potential confounding factors. While myelomalacia was the most likely explanation for illdefined areas of T2 hyperintensity within the spinal cord under chronic conditions, other causes such as edema or inflammation could not be excluded. While all lesions were easy to identify, it is also possible that truncation artifact mimicked the intramedullary hyperintensity obscuring the true cranial and caudal extent of the lesion and impacted lesion length measurements [51] . Given the chronicity of these injuries, fibrosis was most likely for areas of T1 and T2 hypointensity identified within the lesion but incidental mineralization or even hemorrhage cannot be excluded. Gradient echo sequences were only performed in a small number of dogs (n = 8) hindering the ability to rule out hemorrhage. However, five of the eight dogs were imaged within 9 months of injury and none showed changes consistent with hemorrhage, suggesting the likelihood of such a finding would be even less with increasing chronicity. As mentioned above, extended atrophy as a feature of the lesion was not identified but the possibility of its presence was not excluded. Measuring atrophy distant from the site of injury might avoid the complexities of the lesion itself while still providing a means to capture injury severity.
Conclusions
We have described the spectrum of MRI changes in a population of chronically paralyzed dogs and demonstrated that the length of the spinal cord region with 100% abnormal signal intensity in the transverse plane is associated with motor function. This population of dogs shows comparable MRI changes to people with chronic SCI and, like people, dogs with apparently clinically complete injuries show a spectrum of injury severity. Our findings support the use of dogs with naturally occurring, severe SCI as a model of chronic paralysis in people.
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